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Based on a PCR msitasit enzyme of water-ssiubie. 
gijieose dehydrogenase-harboring pyrroloqsiisioiine 
qMlnoBie as the prosthetic group, PQQGDH-B, a site- 
directed mutagenesis study was carried out. The sub- 
stitution of GluE77 residue with Gly resulted in a de- 
crease in the jRT,,, value for glucose and altered the 
substrate specificity profile, compared with the wild- 
type enzyme. Mutational analyses on the neighboring 
amino acid residues of Glu277 were also carried out 
aiid cojfjstrected Asp275Glu, Asp276Glu, Ile278Phc, and 
Asng:79His. Considering that Asp275Glu, Asp<J76Gki 
smd also Glo277Gly showed drastic decreases in EDI A 
tolerance, this region may construct a PQQGDH-B pu- 
tative active site, such as a binding site for Ca ' ' , which 
is responsible for the binding PQQ. A series of Glu277 
variants, Glu277 substituted by Ala, Val, Asp, Asn, His, 
Gin, or to Lys, was constructed and they all showed 
decreased K,„ values and altered substrate specificity 
profiles. Among them, Glu277Lys showed similar ther- 
mal stability with the wild-type enzyme, but its cata- 
lytic efHciency increased significantly, compared with 
the wild-type enzyme. The potential applications of 
GIu277Lys In analytical use are also discussed, e i*m 
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Considerable attention has been devoted to the 
application of glucose dehydrogenases (GDHs) har- 
boring pyrroloquinoline quinone (PQQ) as their pros- 
thetic group for the glucose enzyme sensor constitu- 
ent. Since I'QQGDHs do not utilize oxygen as 
electron acceptors during the oxidation of glucose, 
they are considered to be ideal constituent for 
electron-mediator type glucose sensor (1-7). Ai- 
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though PQQGDIIs have such superior properties, 
further improvement of the enzymatic properties is 
being required, considering and comparing with 
those of the most popular and major enzymes uti- 
lized for glucose sensors, glucose oxidase, e.g. sub- 
strate specificity and operational stability. In order 
to construct an ideal PQQGDH with modified enzy- 
matic properties by protein engineering, further 
structural information together with the rational 
mutagenesis studies are essential. Two types of 
PQQGDHs have been reported; the membrane- 
binding single peptide PQQGDH (PQQGDH-A or 
ni-GDH). and the water-soluble dimeric PQQGDH 
(PQQGDH-B or s-GDH). The putative active site and 
amino acid residue responsible for substrate recog- 
nition of PQQGDH-A, have been reported, based on 
both the experimental analyses (8-16) and struc- 
tural prediction(17). However, there have not yet been 
reported any mutational analyses for PQQGDH-Bs. 
The lack of information on the structure ■function 
relationship limited the improvement in the enzy- 
matic properties of PQQGDH-B via the protein engi- 
neering approach. 

This paper reports on site-directed mutagenesis 
studies of PQQGDH-B putative active site, based on 
the enzymatic properties of PCR mutant of this en- 
zyme. The mutant enzyme found in our laboratory, 
designated a.s No. 87, contained 8 amino acid 
substitutions; Thr71Ala, Lys264Gly, Leu317Ser, 
Thr331AIa, Arg407Leu, Ser415Gly. Lys455ne and 
GIu277Gly. The No, 87 mutant showed a decreased 
K,, value and also decreased EDTA tolerance and 
thermal stability compared with those of the wild 
type. Among t.he.se 8 substitutions, we inve.stigated 
the substitution of Lys264 for GIu, Arg407 for Leu 
and Glu277 for Gly substitutions (the results were 
not shown), and found that Glu277Gly showed the 
similar properties to the No. 87 mutation. Based on 
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FIG. 1. The oligonucleotide primers and 
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peptide sequences of PQQGDH-B variants. 



these findings, we developed a series of Glu277 vari- 
ants, and also introduced mutation into its neigh- 
bors, Asp275, Asp276, Ile278 and Asn279. A',, values, 
substrate specificity, the EDTA tolerance and ther- 
mal stability of these mutants were investigated. 

MATERIALS AND METHODS 

1. Bacterial strains and plasmid. E. coll PP2418, of which the 
PQQGDH structural gene was disrupted by insertion n3iutagen8.sis 
(18), was used as the host strabi for tiie expression for each 
PQQGDH-B. Acinetobacter cakaaceticus LMD79.4I was obtained 
from the Netherlands Culture Collection (NCC), as a source of the 
genomic frs-gmeut ciwitaining Uie PQQGDH- B structurjsl gene, 
E: coiiBMH7M8 rnutS asi.d K conUWllM were used to construct 
mutations by site-directed mutagenesis. All of the PQQGDH struc- 
tural genes were inserted into the maiticioising site of the expression 
vector, pTrc99A (Pharmacia, Sweden), 

Z Genetic manipulation. Error-prone PC R ( 1 9) amplification of the 
PQQGDH-B structural gene was carried out using a genomic gene 
extracted from A. calcosceticus LMD79.41 as the template, and follow- 
ing one set of oligonucleotide as the prirtsers. Forward, S'-GGCCATG- 
GATAAACATTTATTGGCTAAAATTGCTTT.4T-3'; reverse, 5'-GGA- 
AGCrnTAC'ITAGCCTfATAGGTGAACITAATGAC^S'. 

Then amplified fragment was digested by A'col-Hindlll, and in- 
serted in the multi-ckming site of pTrc99A, The sequence of insetted 
gene fragments was analyzed with an automated DNA sequencer 
(PE Applied Biosystems 310 GetieLic Analyzier, California). 

Site-directed mutagenesis was carried out using tlie gene frag- 
ment (1.2 kbp) of the wild-type PQQGDII-B structural gene 
obtained by PGR amplification, which was inserted in pTrc99A, 
designated as pGB (20). The Kpnl-Hindlll fragment was obtained 
from pGB, and the resultant 1.2kbp fragment was inserted in the 
iinearissed pKFlSk (Takara, Japan), after digestion by Kpni and 
HindlU. The oligonucleotide primers used for the site-directed 



mutagenesis are summarized in Fig. 1. The position of amino 
acid re.5idues are defined relative to the initiator methionine re.'s- 
idue. 

Site-directed mutagenesis was performed according to the instruc- 
tion manual In Mutan Express Km kit (Takara, Japan). Tlie nucle- 
otide sequence of mutation was confirmed by an automated DNA 
sequencer. This obtained mutated region was then digested with 
Kp/il and Hi/idlll, and the fragment was substituted into the corre- 
sponding region of pGB. In this way, espression vectors containing 
njutated PQQGDH-B were constructed. 

Enzyme preparation and enzyme assay. Wild-type and mutant 
PQQGDH-B samples were prepared according to previous studies 
(20-23) with slight modification. A crude enzyme samples were 
prepared by ultrasound sonication (VC 100, BIOMIC, Connecticut), 
following the dialysis with 10 mM MOPS-NaOH (pH 7.0). Crude 
eaizyme sample of Glu277I-.ys was subjected to a CM-Toyopeari 650 
M catjoii cxciiange cuiurrirs (T'osoii, Japari) arid siibseqijesitly a hy- 
droxyapatite column (Metck, Germany) as described previously for 
wild-type enzynse preparation (20), 

GDI ! activity was measured using 0,6 raM phenaaiiie methosul- 
fate (PMS) and 0.06 mM 2,6-dichrolophinollndophenoi (DCIP) 
after incubation in 10 mM MOPS-NaOH (pH 7.0) containing 1 mM 
CaCIz and 1 fsM PQQ for 30 minute. Each activity at 100 mM 
glucose was calculated by monitoring the decrease in absorbance 
of DCIP at 600 nm. 

The thermal stability of the enzymes was determined using crude 
ej^zjr-me preparations. Since the initial time course for thermal inac- 
tivaton at 55^C was describable by first-order kinetics, from the 
linear regression of the logarithmic for residual activity against time, 
the the ■ nai st^ijii.ly of each variant was expressed with a half-life 
(ti,2) at 55°C. 

EDTA toierarsce for all af .'!iut;3r!i.s was (ieterniineci using crude 
enzyme samples, by incubaLing \hem in 10 mM MOPS-NaOH (pH 
7.0) containing 5 mM EDTA, and samples were taken periodically, 
with their residual activity being expressed. 
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FIG. 2. EDTA tolerance of PQQGDH-Bs. In the presence of 5 mM 
EDTA at 25°C, time courses of residual activity were measured. The 
initial activities showed in the absence of EDTA were used as a 
control. O, wild-type; •, No. 87; □, Glu277Gly; ■, Glu277Lys; O, 
Asp275Glu; ♦, Asp276Glu. 



1. Site-Directed muTagenesis Studies on Asp275, 
Asp276, Glu277, Ile278, and on Asn279 

Table 1 summarizes the enzymatic properties of mu- 
tant PQQGDHs constructed in this study, using crude 
enzyme preparation. 

The random mutant, No. 87 showed significant de- 
crease in the Kr^ value for glucose, compared with wild- 
type. The substrate specificity profile for No. 87 was 
different from that of the wild- type enzyme. The mu- 
tant showed the altered substrate specificity toward 
2-deoxy~D-glucose, mannose, allose, galactose and for 
xylose had up lo a 2 to 3-foId increase in the relative 
activity against glucose, compared with the wild-type 
enzyme. In addition to the alteration of the value 
and substrate specificity, the No. 87 mutation also 
resulted in the decrea.se in the EDTA tolerance (Fig. 2) 
and thermal stability (Table 1), 

Among the 8 amino acid substitutions of the No. 87 
mutant, we confirmed that the Glo277 substitution for 
Gly was responsible for the characteristic property of 
tije No. 87 mutant. Glu277Gly also showed a decreased 
J^.. value (0.3 mM) and a similar substrate specificity 
profile as No. 87. Glu277Gly also showed a significant 
decrease in both EDTA tolerance and thermal stability. 

On the basis of this finding, we also introduced mu- 
tations in the surrounding amino acid residues of 
GIu277, Asp275, Asp276, Ile278 and Asn279. 

Among the mutations introduced in the neighboring 
of Glu277 and Ile278, there was also a decrease in the 
value, but this mutation did not have an impact on 
the alteration in the substrate specificity (Table 1). 

Asp275Giu and Asp276Glu resulted in a drastic de- 
crease in the EDTA tolerance (Fig. 2) and a decrease in 
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TABLE 2 

Kinetic Parameters of Wild Type and Glu277Lys for Various Substrates 
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the thermal stability (Table 1). The Ile278Phe .sub.sti- 
tution resulted in an inci'ease in the thermal stability 
(Table 1) but did not have as much of an effect on 
EDTA tolerance, as the Asn279His substitution did. 

2. Construction and Characterization of Glu277 
Variants 

We further constructed a series of Glu277 variants, 
Glu277AIa, Glu277Val. GIu277Asp. Glu277Asn, 
Glu277His, Glu277Gln and GIu277Lys. All the Glu277 
variants showed decreased K„, values for glucose and 
altered substrate specificity profile compared with 
wild-type PQQGDH-B (Table 1). These observation 
confirmed that Glu277 has a crucial role in deter- 
mining the K,, values and consequently for substrate 
specificity. Except for Glu277Gly. all of the Glu277 
variants showed similar EDTA tolerance to wild-type 
PQQGDH-B. The thermal stability for GIu277 variants 
was less than 20% of the wild-type except Glu277Lys, 

Considering that Ghi277Lys had a reiativeiy high 
thermal stability, and in contrast, the other Glu277 
variants were very unstable enzymes not suitable for 
further purification procedures and not practical tar- 
gets for future application studies, we purified 
Glu277Lys and analyzed its kinetic parameters. The 
results are summarized in Table 2. The A',, value for 
glucose of purified Glu277Lys was 8.8 mM and was 
about 40% of that of wild-type PQQGDH-B. The de- 
crease in the value was also observed for another 
substrate, such as for allose (29.0 mM to 21.0 mM), 
3-amethyl-D-glucose (46.0 mM to 27.0 mM), lactose 
(14.3 mM to 7.5 mM) and for maltose (30.9 mM to 14.3 
mM), respectively. In contrast, the iT,^ values for man- 
nose and for galactose were not altered. The wild-type 
PQQGDH-B showed the highest specific activity for 
glucose, however, Glu277Lys showed the highest spe- 
cific activity for allose (5450 U mg '), the second- 
highest for S-O-methyl-D-glucQse (3820 U mg and 
the specific activity for glucose (3668 U mg ') was the 
third. Consequently, the catalytic efficiency {k...JK.,.) of 



Glu277Lys, 349 s 'mM ' , was about three-fold higher 
than that of wild type (128 s 'mM ')• 

DISCUSSION 

In this paper, we have constructed and characterized 
a series of PQQGDH-B mutants, on the basis of finding 
of enzymatic properties for a PGR random mutant, No. 
87, which harbors 8 amino acid substitution compared 
with wild-type enzyme. 

Considering that ail the constructed Glu277 variants 
showed decreased K.., values and altered substrate 
specificity profiles, Glu277 has a crucial role in deter- 
mining its affinity toward the substrate. 

It was also notable that the No. 87 mutant, as well as 
Giu277Gly. Asp275Glu and Asp276Glu, did not show 
EDTA tolerance, and were readily inactivated in the 
presence of 5 mM EDTA (Fig. 2), It has been reported 
that PQQGDH-B is a dimeric enzyme, containing the 
dual roles for Ca'^ (25), one for the maintenance of 
dimeric enzyme and the other for the binding of PQQ 
onto the active site. Since the mutation at Glu277 
significantly affected in the catalytic properties of 
PQQGDH-B, Asp2?5, Asp276 and Glu277 may con- 
struct a putative active site involving the Ca'"^^ binding 
sites. 

The kinetic parameters of Glu277Lys showed that 
this mutation resulted in the increase in the cata- 
lytic efficiency of PQQGDH-B (Table 2). Such obser- 
vation was not limited for glucose, but the catalytic 
efficiency for all the substrate tested here signifi- 
cantly increased. 

Recently, a variety of methods have been proposed to 
non- or semi-invasive monitoring of blood-glucose lev- 
els. As Glu277Lys showed increased specific activity 
with a low K„, value (Table 2), and also retained similar 
EDTA tolerance and thermal stability as wild-type 
PQQGDH-B, this variant has great potential in the 
application for highly-sensitive glucose monitoring. 
This high sensitivity of enzymes indicated that the 
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potential application of this enzyme in the measure- 
ment of the glucose concentration present in extracted 
interstitial fluid (ISF), which is expected to be a prin- 
ciple for the practical semi-invasive glucose monitoring 
system. The sampling volume of ISF is tiny and also 
the glucose concentration of ISF is far lower than 
blood, the use of such a sensitive enzyme as Ghi277Lys 
should be advantageous. The sampling procedure for 
ISF is painless, therefore, the combination of an en- 
zyme glucose sensor eniploying Glu277Lys and ade- 
quate ISF sampling device will enable us to construct a 
semi-invasive blood-glucose monitoring system. 

In conclusion, this paper demonstrated that Glu277 
piays a crucial role in the catalytic activity of 
PQQGDH-B, especially in dominating the value. 
Considering the mutation in resulted in not only in the 
alteration of the specific activities and /C. values but 
also affected in the EDTA tolerance, the indicator for 
co-factor binding stability, Glu277 and its neighboring 
amino acid residue may construct the active site of 
PQQGDH-B. These observations indicate, to a signifi- 
cant degree, the modification of enzymatic properties of 
PQQGDH-B together with further structural informa- 
tion of this enzyme. 

REFERENCES 



L D'Costa, E. J.. Higgins, I. J., and Turner. A. P. F. (1986) Biosen- 
sors i, 71-87. 

2. Yokoyama, K.. Sode, K..Tamiya. E., and Karube, I. (1989) Anal 
Cblm. Acta 218, 137-142. 

3. Smolander, M., Livio, -L,, and Rsjsanen. L. (1992) Biosensors & 
Bloelectwnics 7, 637-643. 

4. Sode, K., Nakasono, S,, Tanaka, M., and Matsunaga, T. (1993) 
Biotcchnol. Biocng. 42, 251-254, 

5. Ye, L., Hammerle, M., Olsthoom, A, J. J., Schuhmann, W.. 
Schmidt, H. L., Duine, J. A., and Heller, A. (1993) Anal. Chem. 
85. 238-241. 



6. Katz, E., Schlereth. D. D., and Schmidt, H.-L. (1994) ElectroanaL 
Chem. 388, 165-171. 

7. Kost, G. J., Vu, H.-T., Lee, J. H., Bourgeois, P., Kiechie, F. L., 
Martiij. C, Miller. S. S., Okorodudu, A. O.. Podczasy. J. J., 
Webster, R., and Whitlow. K. J. (1998) Crlt Care. Med 28, 
581-590. 

8. Sode, K., and Sano, H. (1994) Biotechnol. Lett .18, 455-480. 

9. Sode. K., Yoshida, H., MatsiiiTiura, K., Kikuchi, T.. Watanabe. 
M., Yasiitake, N., Ito, S., and Sano, H. (1995) Biochem. Biophys. 
Res. Commun. 211, 268-273. 

10. Sode, K., Watanabe, K„ Ito, S„ Matsmiiura, K.. and Kikuchi, T. 
(1995) FEBSLett. 364, 325-327, 

11. Sode, K., and Yoshida. H. (1997) Denki Kagaku. 65, 444-451. 

12. Yoshida, H„ and Sode, K. (1997) J. Biochem. Mol. Biol Biophys. 
1, 89-93. 

13. Sode, K.. and Kojima, K. (1997) Biotechnol. Lett. 19, 1073-1077. 

14. Ycshida, M„ Kojima, K„ Witarto, A. B., and Sode, X, (1999) 
Protein Eng It, 63-70. 

15. Witaito, A. B,. Ohudii, S., Nai-ita, M., and Sode, K. (1999) 
J. Biochem. Mol. Biol. Biophys. 2, 209-213. 

16. Witarto, A. B., Ohtera, T., and Sode, K. (1999) Appl. Biochem. 
Biotechnol. 77-79,159-188. 

17. Cozier, G. R. and Anthony. C. (1995) Biochem. J. 312, 679-685, 

18. Cleton- Jensen, A.-M., Goosen, N.. Fayet, O., and van de Putte, P. 
(1990) J. Bacterial. 172, 6308-8315. 

19. Leung, D. W., Chen, E., and Goeddel, D. V. (1989) Technique 1, 
11-15. 

20. Sode, K„ Ohtera, T.. Shlrahane. M.. Witarto, A. B., Igarashi, S„ 
and Yoshida, H. (1999) Em. Microbiol Technol submitted. 

21. !V:at.sis.shita, K., .Shinagawa, E., Adachi, O., and Ameyama, M. 
(1989) Biochemistry t», 6276-6280. 

22. Matsushita, K,, I'oyan^a. IL, Ameyama. M., Adachi, O., Dewanti, 
A., and Duine. J. A. (1995) Biosd. Biotech. Biochem 5S, 1548- 
1555. 

23. OlslJioorti, A, J. .1., asid Duine, J. A. (1996) Arch. Biochem. 
Biophys. 336, 42-48. 

24. Oisthoorn, A. J. J., Otsuki, T., and Duine. J. A. (1998) Eur. 
J. Biochem. 255, 255-261. 

25. Olsthoon, A. J. J., Otsuki, T.. and Duine, J. A. (1997) Eur. 
J. Biochem. 247, 859-665. 



824 



